Helicopters are one of the most important tactical elements in maritime operations. The necessity to improve the conditions in which the landing and take-off operations are carried out leads to the study of the flow that separates from the ship's superstructure over the flight deck. To investigate this flow a series of wind tunnel experiments have been performed by testing a sub-scale model of a frigate. Measurements of the flow velocity have been taken by means of laser Doppler anemometry in five points that simulate the last path of the landing trajectory. The data obtained in these experiments is analyzed in the frequency domain where the corresponding spectra are calculated. Onboard measurements from an actual full-scale frigate are analyzed and compared with the wind tunnel results. Conclusions obtained consist of a series of illustrative values of turbulent energy frequency ranges, which are valuable for any study in this field. The comparison shows a similarity between both experiments, reasserting the role of the wind tunnel measurements in these kind of studies.
Introduction
Helicopters are one of the most important tactical elements on modern warships and they perform a variety of vital functions. The vertical take-off and landing (VTOL) capability make them particularly well suited for maritime operations. Adverse operating conditions at the ship-helicopter dynamic interface make these environments specially complicated situations for the development of these operations. The pilot must deal with the air wake formed by the flow separation caused by the ship's superstructure. This flow features many characteristics typical of bluff body wakes, including very high levels of turbulence that lead to large spatial and temporal velocity gradients due to the shear layers and vorticity. In addition, there may exist a relatively high concentration of energy over the frequency range of 0.2-2 Hz, which can severely impact the pilot workload. 1 In Figure 1 , a photograph taken in the wind tunnel facility shows a visualization of the air wake above the flight deck (white line indicates the ship contour).
As a result, there is a significant loss of accuracy in the position, and the fact that the flight deck is a moving platform requires the pilots to maintain hover over the flight deck before attempting the final stage of the landing maneuver. Temporal velocity gradients in the air wake lead to fluctuations in the aerodynamic loads and rotor response during the landing maneuver, causing unsteady disturbances in the attitude. As defined by Crow et al., 2 ''the effectiveness of ship-based military helicopters is dependent on the speed of deployment and the ability of the aircraft to take off and land safely in all but the severe weather conditions''. Improvements in the operating limits of maritime helicopters are the main reasons that justify the necessity of a careful study of a ship's superstructure air wake.
The study carried out in this investigation consists of the measurement of flow velocity in five pointson the flight deck of a scaled model of a frigate in a wind tunnel experiment. The comparatively high spatial and temporal resolution obtained in measurements using laser Doppler anemometry (LDA) make this system the perfect choice for turbulent flow measurements. Measurements obtained during the wind tunnel tests involving the scaled frigate model will enable a spectral analysis using an in-house software developed with Matlab. Dimensional analysis permits the calculation of characteristic values of the airflow on an actual full-scale frigate.
On the other hand, onboard measurements have been taken in order to compare the spectra with the wind tunnel results. This paper pretends to follow the lines of other works such as studies carried out in Robertson et al., 3 Polsky et al., 4 Snyder et al. [5] [6] [7] , where onboard, wind tunnel, and computational fluid dynamics results were compared.
Wind tunnel experiment
A 1:50th scale model of a frigate was built in order to reproduce the air wake formed above the flight deck by the ship's superstructure. The relative wind velocity blowing on the ship is a combination of the ship-owned velocity and the atmospheric wind speed. A typical velocity of a frigate can approximately reach 10 m/s (20 knots) and a characteristic value of 10 m/s of the atmospheric wind speed can be considered. Thus, the wind tunnel air speeds used in the experiment are U 1 ¼ 10 m/s and 20 m/s, with being U 1 the freestream velocity.
Dimensional analysis
A typical frigate type ship operates at a maximum beam-based Reynolds number in the range of 10 7 -10 8 and if the edges are sharp, as almost all are, a Reynolds number above 1.1 Â 10 4 is adequate and allows Strouhal modeling of the roll/heave/pitch of most ships. 8 Moreover, it has been demonstrated that the flow characteristics for several sharp-edge bodies are unchanged with Re varying from 10 4 to 10 7 . Although Reynolds number based on full-scale ship beam could be of an order of magnitude larger, it can be argued that no significant changes will occur with this increase in Reynolds number. 9 The beam of a frigate is defined as the width of the ship, and in the case of the frigate model tested, the beam is B ¼ 0.3 m. Thus, when the wind velocity is 10 m/s, the corresponding Reynolds number is 2.1 Â 10 5 , a value which clearly exceeds the minimum recommended Reynolds number of 1.1 Â 10 4 . The geometric scale is L ms /L fs ¼ 1/50 as already mentioned, where subscripts fs and ms refer to full scale and model scale, respectively. For the velocity, there will be no scale conditions, meaning that V ms /V fs ¼ 1. Frequency scaling is necessary to correctly capture the unsteady aerodynamic flow in the superstructure wake. 10, 11 It is also the most important scaling parameter because the spectrum of the wake kinetic energy is the object of study. Hence, the Strouhal number (St) is introduced as follows
where f, L, and V are respectively the characteristic values of the frequency, the length, and the velocity of a process. Assuming no variation of Strouhal number corresponding to the Reynolds number at full and model scales, frequency scaling following Lee and Zan, 10 is given as
And finally, the value of the frequency scaling is
Experiment design
The experiments were performed with two wind tunnel speeds 10 m/s and 20 m/s and two wind directions ¼ 0 and 30 , typical cases for these kind of studies. 12 Moreover, previous results obtained on testing this specific frigate 13 show that the case of ¼ 30 creates a severe turbulent behavior giving a turbulence intensity peak in the air wake and it holds interesting results for this study. In Figure 2 , a photograph of the ship model in the wind tunnel is shown. The LDA probe can be seen above the flight deck. Coordinates of measurement points are shown in Table 1 , according to ship axes depicted in Figure 3 . 
Ship model
The ship model is made out of wood and represents a specific frigate in geometrical similarity in 1:50 scale. The main dimensions (in mm) of the model are detailed in Figure 3 .
The dimensions that play an important role in the development of the experiment are the beam B, the length overall LOA, the flight deck length L D , the hangar height H, and length of the superstructure L S . The superstructure consists of the extension of the structure that projects above the main deck of the ship. The superstructure causes the air wake over the flight deck that is studied in this experiment. The hangar is the final module of the superstructure preceding the flight deck, which is dedicated to the helicopter operations.
Wind tunnel facility
The test facility used for these experiments is a continuous-flow, closed-circuit, open test section (3 Â 2 m 2 ) wind tunnel type, located in the Experimental Aerodynamics Area of the National Institute for Aerospace Technology (INTA) in Madrid. The wind tunnel fan is driven by a DC 450 kW Electric Motor at 420 V, providing a maximum airflow velocity of 60 m/s while the turbulence intensity is 0.5% during the tests.
The ship model is placed on a platform located in the test section. This platform enables a simplified simulation of the sea surface, creating a thin boundary layer. This boundary layer does not represent the corresponding maritime boundary layer, where the wind speed profile corresponds to a certain power law and turbulence spectrum model. 
Flow measurement equipment
In order to perform the spectral analysis, an LDA was used to achieve the required spatial and temporal resolution. A Dantec Dynamics LDA has been used to measure two components of the velocity. Light source is provided by a continuous 10 mW He-Ne laser (632.8 nm). The laser is connected to an optic fiber for illumination and reception of back-scattered light from the tracer particles. The use of LDA requires the seeding of the flow with tracer particles that will allow a proper light scattering. 15 In this experiment, olive oil particles with an approximate diameter of 1 mm have been used to seed the flow. To fulfill these seeding conditions an atomizer, 16 run by pressurized air, expels the oil particles through the two main stacks of the ship model and through a conduct located in the nozzle of the wind tunnel.
The LDA equipment provides an output consisting of the times of arrival of the particles t i , the transit time tt i , and the measured component of the velocity of the particle u i . 17 The transit time corresponds to the time spent by a particle crossing the measurement volume formed by the two laser beams. Another important parameter given by the LDA system is the data rate, which corresponds to the number of particles registered per unit of time.
Measurement considerations
To obtain an order of magnitude of the main frequencies expected in the spectral analysis, an estimation based on a simplification of the ship's superstructure is done. Numerous flow topologies have been shown to exist over the flight deck for many wind directions. 18 In the case of wind directions on and near the bow, the resulting flow formed in the air wake can be approximated by the flow formed by a backward facing step. [19] [20] [21] [22] Results obtained by British Standard 23 show the Strouhal numbers obtained in the wake of a rectangular section cylinder, as in this case, simulates a rectangular backward facing step of dimensions Once a Strouhal number is obtained, an initial value of the characteristic frequencies involved in the air wake can be estimated. Given the upstream velocities U 1 and the hangar height, using the definition of the Strouhal number, the frequencies, for model scale, attained are 7.22 Hz and 14.44 Hz, for 10 m/s and 20 m/s of airspeed, respectively. These frequencies establish a lower limit in the sampling rate, 24 and following the Nyquist sampling criteria, f s 5 2 f max , where f s is the sampling frequency and f max is the maximum frequency in the phenomenon studied.
Hence, the quantity of seeding particles detected per unit of time must exceed these frequencies with a considerable margin. After all, these frequencies are rough estimations. In order to achieve an optimum resolution of the spectra, the minimum duration of the measurement recording has been decided to be a quantity greater than the inverse of the minimum sampling rate, as t r & 10 3 /f s , where t r is the duration of the recording measurements.
Owing to the vibrations of the structure used to support the LDA probe and the possible turbulence that could be induced by the wind tunnel, measurements must be taken without the ship model in order to quantify these effects.
Algorithm
The spectral analysis requires some techniques that considerably improve the quality of the spectra. First of all, it is necessary to resample the signal registered since the particles detected by the LDA system follow an arrival pattern that can be adjusted to Poisson statistical distribution. This means that temporal distribution of the measurements will be highly irregular. The use of a fast Fourier transform (FFT) algorithm for computational efficiency requires that the discrete samples be evenly distributed in time. This can be accomplished by resampling by the sample and hold method explained in Benedict et al. 25 For the estimation of the spectra, the algorithm program flow chart shown in Figure 4 is developed as an in-house software using Matlab. In this program, the signal x(t) is resampled because it is not evenly distributed in time. The Welch averaging method is used by splitting the signal into a number of portions predefined by the user. 26 Then, for each portion, the Hann window function is applied 27 as tapering. This window is used mainly because of its widespread use but it can be changed by the user. In order to maximize computational efficiency, zeros are added (zero padding) to different portions so as to acquire a number of samples corresponding to a power of two. FFT is applied to each of the portions to calculate several periodograms, 28 which are then averaged to obtain the final estimation of the spectrum S(f).
Results
Amplitude analysis. An initial amplitude analysis is carried out to estimate the mean value of the flow velocity components. These estimations are then subtracted from the velocity component signals ensuring that large constant components in the signal do not drown small fluctuations. The random arrival of particles detected by the LDA system cause biased statistical moments. 29 This can be solved with a weighting factor based on the transit time tt i of each particle through the measurement volume. 30 Spectral analysis. The main goal of the spectral analysis is to search for the frequencies which contain most of the energy of the air wake. The results obtained are shown in Figures 5 to 8 , directly with the frequency corresponding to the model scale f ms . The spectra are represented in metric system (SI), i.e. in m 2 /s. The data rate obtained during the measurements highly exceeds the minimum frequencies calculated in the previous section. The averaged data rate reached was about 300 particles per second. These values are an order of magnitude higher than the estimation of the characteristic frequencies.
Energy frequencies. The results obtained in the spectra show that for the case of U 1 ¼ 10 m/s and ¼ 0 , the most energetic frequencies are around 7.5 Hz (see Figure 5 ). For the case of U 1 ¼ 20 m/s and ¼ 0 , the most energetic frequencies clearly reach above Effect of wind speed. Comparing Figures 5 to 8 , it can be observed than the magnitude of the spectra increases with velocity as the turbulence measured raises due to higher fluctuations in the velocity.
A comparison between the spectra obtained for U 1 ¼ 10 m/s and the corresponding ones for U 1 ¼ 20 m/s shows a leakage in frequencies for the latter, which means a more chaotic behavior of the air wake and peaks less defined. In general, this leakage is more marked for the u component of the velocity than for the v component, where peaks tend to be more defined.
Another conclusion deduced from the spectra figures is the increase in frequency of the energetic region in the spectrum with the increase in wind velocity.
Effect of position. The effects of position show a decrease in the intensity of the spectra as the measurement points are located more far away from the center of the flight deck. In the case of ¼ 0 (Figures 5 and 6 ), results obtained for the u component of the velocity show a steady decrease. The curve obtained for the point P5 can hardly be appreciated in the scale used in this representation. These results make sense because the fluctuations that appear in the points that are more far away from the air wake are similar to corresponding fluctuations that appear in the flow without perturbations of the frigate. The corresponding results for the v component show high intensities for the curves obtained in points P1 and P2.
For the case of ¼ 30 ( Figures 7 and 8) , the intensity of the spectra suffers a less appreciated decrease as the measurement points are further from the center of the flight deck. Results obtained for the u component show small differences between the intensity of the spectra obtained in P1 and P2 and the ones obtained for the rest of the points. In the case of the v component, however, the spectra obtained for P1 show a much greater intensity than the resulting spectra in the rest of the points. These results show that air wake produced by the flow separation in the superstructure covers all of the measurement points including the ones that are not above the flight deck.
Onboard measurements Experimental setup
In situ measurements were taken above the flight deck of an actual frigate at sea. The purpose of this experiment is to validate the previous wind tunnel results. Onboard measurements are rarely found among the literature, with studies such as Snyder et al. 6, 7 and Brownwell et al. 31 being some of the few examples. In Figure 9 , a photograph taken during the onboard measurement acquisition is displayed.
Two sonic three-component anemometers were used during the tests. The resolution of anemometers was about 0.01 m/s of airspeed and 1 of wind direction. The sampling rate was 1 Hz. The ship course was fixed during 15 min and the anemometers' measurements were recorded. The first anemometer was located at the bow of the ship in order to verify measurements of the own ship anemometers. It was placed on a mast 5 m above the ship floor and 14 m upstream of the bridge, giving approximately undisturbed relative wind velocity measurements. The second one was installed in the center of the flight deck over a mast 5 m high. This position corresponds to point P1 in the wind tunnel experiment. Measurements taken by both anemometers were acquired simultaneously. The mean ship velocity was 4 m/s (8 knots).
During onboard tests campaign, the wind velocity and direction are known from the own ship anemometers in real time and are used to maintain heading during each run. Because of the fluctuations due to the changing environmental conditions, data were filtered in direction by a window that rejects values outside the nominal range AE5 . In the same way as in the wind tunnel experiment design, the approximate Strouhal number of St & 0.13 obtained for the main eddies formed in the air wake is assumed still valid in this case. [8] [9] [10] [11] Thus, assuming a relative wind velocity of order 10 m/s, the ship vortex shedding frequency is estimated to be around 0.1 Hz, i.e. one order of magnitude lower than the sampling frequency.
Environmental and flow conditions registered during the measurement campaign are detailed in Table 2 .
Results
The relative wind velocity blowing on the ship during the measurements was in the range of 7.76-11.11 m/s, giving an averaged relative wind velocity of 9.41 m/s and a standard deviation of 0.51 m/s, corresponding Figure 9 . Onboard measurements by sonic anemometers over the flight deck. to a Reynolds number of 1.3 Â 10 7 . The spectra obtained using onboard anemometer data are shown in Figures 10 and 11 . These spectra correspond to the cases of ¼ 0 and ¼ 30 , respectively. The results obtained show a clear concentration of energy in the range from 0.1 Hz to 0.2 Hz, which is very close to the frequency interval that is considered to be dangerous helicopter maneuvers. 1 In the case of ¼ 0 , the spectra show accentuated peaks, while as for ¼ 30 the peaks energy in u component are spread over a wider interval in the range of 0.1-0.2 Hz. Spectra intensity are greater when 
¼ 30
owing to a more chaotic flow structure created over the flight deck, which means more fluctuations that lead to a higher variance.
Model and full-scale comparison
Figures 12 and 13 show a comparison between the spectra obtained with onboard measurements and from wind tunnel data. In order to study the resemblance of the spectra, a nondimensionalization is required both for the power spectral density (PSD) and the frequency. The PSD is nondimensionalized following Lee and Zan, 10 given as
where 2 is the variance of the measurements, H the hangar height, and U 1 the relative wind speed. The values used correspond to the model and to the fullscale ship in each respective case. On the other hand, the frequency is nondimensionalized to give the hangar height-based Strouhal number, defined as
The onboard results were acquired for an averaged relative wind speed of 9.41 m/s. Hence, the wind tunnel data used for this comparison corresponds to the one obtained with a relative wind speed of 10 m/s.
The results show a clear similarity between the spectra. The nondimensionalized spectral intensity is of the same order of magnitude. In Figure 12 , which shows the results obtained for ¼ 0 , the spectra agree in a precise manner for the u component of the velocity and the energetic frequency ranges match. As for the v component, the spectral curves show the same tendencies which only have a slight displacement in the frequency range. For ¼ 30 , the similarities are less evident.
Possible differences between both the full-scale and model results are owed to the fact that the onboard measurements are taken in a changing environment, thus, the standard deviation of relative wind velocity in both magnitude and direction is much greater than those measured in wind tunnel. Besides, during the wind tunnel experiments, the ship motions as well as the atmospheric boundary layer were not simulated properly, which may induce some variations in the results. In addition, similarity between the model and the full-scale frigate may not be fully attained and wind tunnel influence in the upstream flow can have an effect in the spectra. However, turbulent energy content of the ship air wake flow has been detected adequately by wind tunnel testing with a high fidelity for the u component of the case of ¼ 0 , but slight differences or spectra displacements are detected for the v component and for both components in the case of ¼ 30
. In these cases, wind tunnel predicts spectra with a lower PSD than those measured onboard.
Conclusions
The flow frequencies produced by the ship's superstructure air wake are present in the flow above the flight deck during helicopter operations, which can severely impact the pilot workload when they are contained in the range between 0.2 Hz and 2 Hz. This paper shows the main results obtained in five points along the final stage of a helicopter landing operation on the flight deck by wind tunnel testing a sub-scaled model of a frigate. Spectral analysis of measurements obtained by LDA was performed by using an in-house software developed with Matlab. These spectra show PSD peaks in the frequency interval from 10 Hz to 100 Hz, corresponding to this indicated as dangerous by increasing the pilot workload during onboard operations.
On the other hand, onboard measurements were carried out to compare and validate the spectra calculated with the wind tunnel results. The onboard results were acquired for an averaged relative wind speed of 9.41 m/s. Hence, the wind tunnel data used for this comparison corresponds to the one obtained with a relative wind speed of 10 m/s.
The comparison analysis of both onboard and wind tunnel results show a similarity between the spectra. The nondimensionalized spectral intensity is of the same order of magnitude. In some cases, as shown in Figure 12 for ¼ 0 , the spectra match for the u component of the velocity. For the v component, the spectral curves show the same tendencies which only have a slight displacement in the frequency range. For the case of, ¼ 30 , the similarities are less evident. Possible differences between both the full-scale and model results are owed to the fact that the onboard measurements are taken in a changing environment, thus, the standard deviation of relative wind velocity in both magnitude and direction is much greater than those measured in wind tunnel. Besides, during the wind tunnel experiments, the ship motions as well as the atmospheric boundary layer were not simulated properly, which may induce some variations in the results.
In addition, a complete similarity between the flow around the model and the full-scale frigate may not be fully reproduced in the wind tunnel experiment, and it can influence the spectra obtained in some manner. However, turbulent energy content of the ship air wake flow has been detected adequately by wind tunnel testing with a high fidelity for the u component in the case of headwind ( ¼ 0 ), but slight differences or spectra displacements are detected for the v component for both components in the case of ¼ 30
. In these latest cases, wind tunnel predicts spectra with lower PSD than those measured onboard.
Finally, we can conclude that the spectra obtained with the assumptions made in this experiment confirm the fact that the ship air wake flow can contain fluctuations in a frequency range more harmful for the helicopter actuations by impacting on the pilot workload. In addition, the effects of wind direction show that the flow conditions get worse for ¼ 30 owing to a more turbulent energy content.
Further works include modifications in the superstructure design and subsequent analysis to mitigate the negative effects of the air wake on helicopter operations.
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